We investigated if hot exhaust gas from a combine harvester could be used to reduce germination or kill weed seeds during the harvesting process. During the threshing and cleaning process in the combine, weed seeds and chaff are separated from the crop grains. After this separation, weed and crop seeds not collected can be exposed to exhaust gas before seeds are returned to the field. Seeds of some common weed species (Alopecurus myosuroides, Centaurea cyanus, Geranium pusillum, Lapsana communis, Lolium perenne, Rumex crispus, Spergula arvensis, and Tripleurospermum inodorum) were treated with exhaust gas at temperatures of 75 • C or 85 • C, 110 • C, and 140 • C for 2, 4, and 6 s, respectively. Afterwards, the seeds were germinated for 16 days. We found that 75 • C and 85 • C were insufficient to significantly reduce germination of the seeds after three durations. Some seeds were still able to germinate after 4 s exposure of 110 • C. An exposure of 140 • C for 4 and 6 s repressed germination of all species. We conclude that there is potential to develop combine harvesters that exploit the exhaust gas to either kill or reduce the ability of weed seeds to germinate before seeds are returned to the field.
Introduction
Weeds are one of the most devastating constraints for crop production worldwide [1] . Since the 1950s, herbicides have been widely used with great success, but herbicide-resistant weeds have become a growing problem in agriculture [2] , and international trade and traffic have contributed to spreading seeds and plant parts, resulting in increasing problems with invasive weeds. The possibilities of developing new and effective herbicides seem to be exhausted. No new herbicide mode of action has been discovered since the 1980s, and many herbicides have been banned due to risks of unwanted side effects [3] . The extensive use of herbicides has resulted in increasing public concerns, and this has led to further restrictions for herbicide use in Europe and elsewhere [4, 5] . Furthermore, there is an increasing public interest in organic food [6] . This situation calls for integrated weed management approaches to reduce weed problems in the future. A stronger focus on crop rotation and soil tillage seems to be the main alternative to herbicides [7, 8] , but there is also a need for developing new techniques to replace and supplement present weed control methods.
Robinson and Sutherland [9] showed a general, nearly linear decline in the numbers of weed seeds in arable soils in the period from the 1920s to the 1990s in Great Britain, probably due to massive use of herbicides and fertilizer, which made the crop very competitive against weeds. However, since then, the trend has decreased or even reversed. Andreasen et al. [10] studied the soil seed banks in the Danish fields in the same locations 25 and 50 years after the first survey in 1964. In 1964, Andreasen et al. [10] estimated the number of viable seeds in the ploughing layer to be 19,390 seeds m −2 . In 1989, the number was reduced to 10,120 seeds m −2 , probably because of the introduction and the use of many new herbicides [11] , but this number increased again to 20,455 seeds m −2 in 2014.
The seed banks of many problematic annual weed species decay rapidly. For example, A. myosuroides, Avena spica-venti, and Poa annua, which are common weeds in autumn sown cereals in Northern Europe, all have a seed bank decaying in a few years [12] [13] [14] . If new input of such seeds is reduced, a large seed bank can be reduced to a modest one in a few years. A small weed seed bank potentially makes weed control easier and reduces the risk of evolution of herbicide resistant populations. However, many dicot species can persist in the soil seed bank for decades [15, 16] . For crop producers using a combine harvester, harvest time represents an opportunity to collect and destroy weed seeds and thereby prevent inputs into the weed seed bank. For many of the weed species, fruits remain intact at the time of maturity, and a proportion of the seeds may be retained at a height that ensures a significant amount can be collected during crop harvest.
A conventional combine harvester collects the weed seeds and separates most of them together with the chaff from the grains. Then, it expels the fraction (mostly in the chaff) and returns it to the field, creating weed problems for the following growing seasons. Some systems target weed seeds during commercial grain harvest operations and act to minimize seed inputs to the seed bank [14] . Chaff can be transported into a bulk collection bin attached to a grain harvester using a transfer mechanism that delivers the weed seed bearing chaff fraction. The fraction can then be removed from the field or dumped in chaff heaps and subsequently burned [14] . During harvesting, all of the exiting chaff and straw residues can also be concentrated into a narrow-windrow (500-600 mm) by a chaff chute mounted on the rear of a harvester. Later, the chaff can be burned to avoid burning the entire crop field [14] . Due to fire risk and smoke pollution, burning of chaff may not be allowed or appropriate, and removal of organic matter not used for food, feed, or fuel incurs additional costs for the farmer.
In contrast, returning organic matter to the field contributes to maintain the water holding capacity and the fertility of the soil. The Harrington Seed Destructor (HSD) uses a cage mill to crush the chaff [17] . Cage mills have been developed for a wide variety of uses, such as to crush rocks and other materials [18] . The HSD consists of a diesel motor and a cage mill mounted on a trailer with a chaff and a straw transfer system. The trailer is mounted on the harvester. The HSD has been able to destroy 95% of Lolium rigidum Gaudin in the chaff fraction of harvest residues [17] . However, the HSD system also results in additional costs regarding energy and machine investment.
We explored the possibility of using exhaust gas from a combine harvester to kill the weed seeds before they are returned to the field. Exhaust gas is a waste product with temperatures up to 480 • C [19] , and it might be beneficial for the farmer to use it in an integrated weed management strategy, for example, in combination with other mechanical and/or thermal weed control strategies.
The objective of this study was to investigate how the germination of some selected weed seeds was affected by heat treatment with exhaust gas. If the exhaust gas can kill weed seeds or reduce seed germination significantly, it may open new perspectives to develop an integrated system with heat in the combine harvester based on exhaust gas.
Materials and Methods

Experiments
The experiments were conducted at the research station Højbakkegaard, University of Copenhagen, Department of Plant and Environmental Sciences, Taastrup, Denmark (55 • 40 8.16 N; 12 • 18 18.82 E).
Eight weed species were chosen for the experiments [Alopecurus myosuroides Huds., Centaurea cyanus L., Geranium pusillum L., Lapsana communis L., Lolium perenne L., Rumex crispus L., Spergula arvensis L., and Tripleurospermum inodorum (L) Sch. Bip.]. We chose species that were very different in seed morphology, size, and weight to represent a broad spectrum of common weed species in Northern Europe (Table 1) . Table 1 . Descriptions of the weed seeds exposed to exhaust gas from an experimental combine harvester [20] [21] [22] . Seeds were collected in July and August 2016 from the fields of the research station and stored at 5 • C. The seed lots had a germination rate between 66 and 96% in 2017. Two series of experiments were conducted. The first series was conducted 15 March 2017 for S. arvensis, G. pusillum, L. communis, T. inodorum, A. myosuroides, and C. cyanus and 23 March 2017 for L. perenne and R. crispus. The second series was conducted 20 June 2017 for S. arvensis, G. pusillum, L. communis, and T. inodorum and 23 June 2017 for A. myosuroides, C. cyanus, L. perenne, and R. crispus. The ambient temperatures were 8 • C for the first series and 21 • C for the second series. Seeds were exposed to the exhaust gas from a small experimental combine harvester (Haldrup Plor Combine C-85, Løgstør, Denmark). The engine (Deutz diesel, type BF4L914, 67 kW/91 hp, Cologne, Germany) was running for 20 min before treatment to ensure a stable temperature. The temperature of exhaust gas was recorded approximately 2 cm from the exhaust pipe using a digital thermometer (DURAC ® Precision thermometer, H-B instrument Company, Wayne, NJ, USA) before each species was treated. Seeds were placed in a round pincer filter (diameter 5 cm) and held directly above the exhaust pipe ( Figure 1 ). An anemometer (Skywatch Xplorer 1, JDC Electronic SA, Yverdon-les-bains, Switzerland) was used to measure the velocity of the heated exhaust gas. At idle, the engine reached approximately 75°C for the first series of experiments (series 1). The experiments were repeated later (series 2), but then the temperature could not be lowered to less than 85 °C because the ambient temperature had increased by 13 °C. We prevented temperature variation by keeping the throttle at the position that resulted in the desired temperatures, and we monitored the exhaust gas temperature with a thermometer continuously during the experiments (Table 2) . Table 2 . Measurements of the exhaust gas features from the combine harvester. An anemometer (Skywatch Xplorer 1, JDC Electronic SA, Yverdon-les-bains, Switzerland) was used to measure the velocity of the heated exhaust gas. At idle, the engine reached approximately 75 • C for the first series of experiments (series 1). The experiments were repeated later (series 2), but then the temperature could not be lowered to less than 85 • C because the ambient temperature had increased by 13 • C. We prevented temperature variation by keeping the throttle at the position that resulted in the desired temperatures, and we monitored the exhaust gas temperature with a thermometer continuously during the experiments (Table 2) . Considering both the time it takes seeds to pass through the combine harvester and the risk of fire at high exhaust gas temperatures, we chose three temperatures for the heat treatment of the seeds based on earlier studies [23] . Seeds in the round pincer filter (Figure 1) were exposed to three temperatures (75 • C or 85 • C, 110 • C, and 140 • C) and three durations (2, 4, and 6 s). Each treatment was done four times per species with fifty seeds. The lowest temperatures we could obtain were 75 • C or 85 • C. The day after, the seeds were germinated in germination boxes (120 × 80 × 50 mm) and placed in a Termaks KB8000L climate chamber (Termaks AS, Nino lab, Køge, Denmark) with a diurnal cycle of 12 h/12 h light/dark at a constant temperature of 15 • C. Each box contained a plastic spacer (110 × 75 × 20 mm) with a cellulose filter paper wick (Frisenette AGF 725-18 × 200 mm) sucking the water to a filter paper (Frisenette AGF 725-73 × 113 mm) on top. The boxes were filled with 100 mL demineralized water, and the fifty seeds were placed on the filter paper. Lids were placed on the boxes. Seeds were not treated with KNO 3 or any other treatment to release dormancy and increase the germination percentage. Germinated seeds were counted and removed every 24 h. The controls (unheated seeds) were also germinated at 15 • C. The germination experiments were terminated after 16 days. A seed was considered germinated when it had developed a radicle of 2 mm. In total, 32,000 seeds were investigated [50 seeds × 4 replicates × 3 durations × 3 temperatures × 8 species × 2 experiments + (4 × 50 seeds for controls × 2 experiments × 8 species)].
Weed Species
Statistical Analysis
For each combination of species and temperature, a model was fitted. The germination was modeled with the function F(t) [Equation (1)] using the add-on package drc [24] .
(1) F(t) denotes the fraction of seeds germinating between the onset of the experiment (at time 0) and the time t (days). The upper limit parameter d denotes the proportion of seeds that germinated during the 16 days. The parameter b is proportional to the slope of F at time t equal to the parameter t 50 , which denotes the time where 50% of the seeds (those that germinated during the experimental period) germinated. The estimation and the model checking procedures were based on treating the data as event times to record the time it took for germination (the event of interest) to occur, as described by Ritz et al. [25] . The assessments of the individual fits were done by inspecting the graphical analysis of the residuals. Post hoc comparisons of parameters were based on pairwise t-tests adjusted for multiple testing using the single step approach (Tukey's range test) implemented in the extension package drc multcomp [26] .
Results
Untreated seeds of seven of the weed species had a germination percentage above 70% (except in the case of A. myosuroides series 1, which was 66%) and reached the upper limit (d parameter) within ten days ( Table 3 , Figure 2 ). The effects of the different temperatures applied for 2 s are shown for series 1 in Figure 2 and for series 2 in Figure 3 . Treatment with 75 • C and 85 • C for 2 s significantly affected the germination percentage of A. myosuroides in series 1 (p-value = 0.01) and R. crispus in series 1 and 2 (p-value = 0.05) (Table 3) , although there seemed to be a tendency of increased germination for all species (Figures 2 and 3 ). Increasing the duration of exposure to 4 and 6 s resulted-in most cases-in a slightly lower germination percentage and higher t 50 compared to 2 s and the control. Seed samples of all species had germination rates exceeding 46% at an exposure time of 6 s ( Table 3 ). When seed samples were exposed to 110 • C for 2 s, germination was reduced, and t 50 increased significantly according to the Tukey range test for all species compared to untreated seed samples (Figures 2 and 3 , Table 4 ). However, the species responded very differently. In particular, the germination of S. arvensis, L. communis, and T. inodorum declined significantly. When seed samples were exposed to 110 • C for 4 s, only some seeds of L. communis, C. cyanus, and A. myosuroides were still able to germinate, but in the second series, this was only the case for C. cyanus. Seed samples exposed to 110 • C for 6 s died except a small fraction of S. arvensis (Table 4 ).
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A large fraction of the seed samples of C. cyanus (63% and 47%) and a minor fraction of the seed samples of L. perenne (29% and 1%) were able to germinate when they were exposed to 140 °C for 2 s, while only a small fraction of G. pussilum and S. arvensis were able to germinate in series 2 (13% and 4%, respectively). When seed samples were exposed to 140 °C for 6 s, they lost their germination ability ( Table 5 ). A large fraction of the seed samples of C. cyanus (63% and 47%) and a minor fraction of the seed samples of L. perenne (29% and 1%) were able to germinate when they were exposed to 140 • C for 2 s, while only a small fraction of G. pussilum and S. arvensis were able to germinate in series 2 (13% and 4%, respectively). When seed samples were exposed to 140 • C for 6 s, they lost their germination ability ( Table 5) . 
Discussion
Increasing temperatures and time of exposure to exhaust gases resulted in decreasing germination ability for all species tested. This general trend was the same in both trial series, but the germination response varied slightly for all species between the two-trial series ( Table 3) .
The germination percentage of A. myosuroides and R. crispus increased significantly according to the Tukey range test (p-value = 0.05) when the seeds were exposed to 75 • C or 85 • C (Tables 3 and 4 ). The glumes of some of the seeds of A. myosuroides may have been released by the heating, and the heat may have broken the seed coat of R. crispus, resulting in a faster water uptake and germination. It is well known that heat from fires can release seed dormancy in seeds with impermeable seed coats [27, 28] . Heat shock influences germination by scarifying seeds that have hard and impermeable covers, thereby allowing water and oxygen exchange, as well as by removing inhibitory waxy substances on seeds [29] [30] [31] [32] . The interval between optimal temperature and onset of denaturation is narrow and might be separated by only 10 • C. Denaturation might occur at 40-50 • C in imbibed seeds [33] . Therefore, heat from exhaust gas may release dormancy of weed seeds and could allow farmers to control the weeds before the next crop has to be established.
The final germination percentage of R. crispus declined by 18% from the first to the second series, while t 50 increased by approximately one and a half days. Baskin and Baskin [34] found that the seed of R. crispus did not have any dormancy when stored under natural conditions. However, they found that seeds stored at constant low temperature sometimes induced seed dormancy. As the seeds were stored at • C between the two-trial series, this may have also contributed to the variation between the two series. As the first series was done on fresh seeds, that series has more real life relevance. Seed samples exposed to 110 • C and 140 • C germinated considerably slower than seeds exposed to lower temperatures (higher t 50 values, which in some cases were estimated to happen outside of the experiment period of 16 days). In some cases, this resulted in larger standard errors of the model parameters because the t 50 and the upper limits (d parameters) were more uncertainly estimated, which probably could have been avoided if the durations of the germination tests were extended considerably (Tables 4 and 5 ).
An important outcome of the experiments was to determine the germination rate after 16 days. The experiments were finished after 16 days for all species, although the International Seed Testing Association (ISTA) [35] recommends a duration of 10-14 days for germination tests for most species. However, for some species, it can be appropriate to increase the duration. Furthermore, the germination of some species can be stimulated by pre-chilling and the addition of chemicals (e.g., 0.2% KNO 3 ) to release dormancy [36, 37] . Thus, the germination abilities for some of the species and the treatments might have been larger if we had increased duration of the germination tests and used methods to improve the germination.
Exposing seeds to 110 • C for 2 s affected the germination ability of all species negatively except C. cyanus, which has the largest seeds of all the species (Table 1 ). This might indicate that weed plants with large seeds are less sensitive to short heat treatments than species with small seeds. Spergula arvensis, which is one of the species with the smallest seeds and seed weight, was the only species where a certain fraction of the seed sample (15%) was able to germinate even after 6 s of exposure to 110 • C ( Table 4 ).
We would expect that more energy was spent to heat up a large seed than a small seed to break cell walls and damage other cell structures. The sensitivity of the seed to heat probably also depends on the thickness of the seed coat, the structure, the morphology of the seed (e.g., glumes, protecting hairs and waxes), and the water content. Hanley et al. [32] found that, while seed size may be a useful general predictor of the sensitivity to heat shock, the interaction between seed size and the ability to withstand different thermal shock temperatures is complex. The effect of a short heating of wet or immature seeds with high water content might be less because the energy is being spent on water evaporation. A combine harvester may also harvest not fully matured weed seeds, which probably have higher water content than the dry seeds we chose.
Germination rates of seeds treated in 2 s at 140 • C were all significantly reduced according to the Tukey range test (Table 5 ). However, seeds of A. myosuroides, C. cyanus, G. pusillum, L. perenne, and S. arvensis were still able to germinate at rates between 1% and 63%. No seeds treated for 6 s at 140 • C were able to germinate (Table 5 ).
There were approximately three months between the two trial series, and as seeds are living organisms responding individually to environmental changes, some degree of variation was expected after three months of storage. Furthermore, as the germination was only recorded once a day and the time of the day varied somewhat, this variation could also have affected the precision of the estimated germination curves. It is noteworthy that the germination percentages of C. cyanus, G. pussillum, L. perenne, L. communis, S. arvensis, and T. inodorum were at the same level between replicates and series (low standard error) in the untreated germination tests ( Table 3) .
We conclude that exhaust gas can kill or reduce germination ability of weed seeds if the temperature is high enough and the exposure time is long enough (approximately 140 • C in 4 to 6 s). Different weed species may vary in their response, however, as seen in our results. We encourage companies producing combine harvesters to consider how they can develop the concept to use the exhaust gas constructively to kill the weed seeds before the weed seeds normally are returned to the field. Developing a combine harvester using the waste energy from the exhaust gas to kill weed seeds or reduce seed germination may be a way to avoid vigorous weed seeds being returned to the field. Thereby, the seeds are not incorporated into the soil seed bank, creating new weed problems in the coming season. However, many weed species shatter a smaller or larger proportion of their seeds before harvest [38, 39] ; therefore, the effect strongly depends on the weed composition in the field. Walsh and Powels [40] found that some of the most important weed species in Australia-L. rigidum, Raphanus raphanistrum L., Bromus spp., and Avena fatua L.-retained 85%, 99%, 77%, and 84% of their seeds above a 15 cm harvest cutting height at wheat (Triticum aestivum L.) maturity. Westerman and Gerowitt [41] studied seed production above and below cutting height of maize fields close to the anticipated harvest date. Weed density varied from 56 to 568 weeds m −2 and weed seed production from 886 to 229,256 seeds m −2 . The main weeds were Chenopodium album L. and Echinochloa crus-galli (L.) P. Beauv. In general, either weed plants were small and produced few seeds that were largely found below the cutting height of maize, or they were tall and produced numerous seeds that were largely found well above the cutting height. Therefore, cutting height and the composition of the weed flora are crucial factors determining the effects of destroying harvested weed seeds on the soil seed bank.
We used a small combine harvester with a relatively small engine for harvesting small research trials. Conventional combine harvesters have a much larger engine, generating higher temperatures and speed/pressure of the exhaust gas, which we expect would be even more damaging to weed seeds. Depending of the size of the engine of a combine harvester, the temperature of the exhaust gas measured directly behind the turbocharger of the engine can reach between 400 • C and 480 • C during harvesting. At the outlet, the exhaust gas is usually kept at a temperature of approximately 200 • C to avoid fire hazards [19] . The weed seeds are transported through the combine harvester together with the chaff. The chaff may have an insulating effect protecting weed seeds from the heat from the exhaust gas. In that case, the temperature needs to be higher to damage the seeds. However, if the weed seeds are separated from the chaff, for example, by sieves, a higher temperature is not needed. A combine harvester works under dry conditions, and there is a risk that overheated material may accidentally catch fire. We conducted a small experiment (not shown) in which wheat chaff was placed directly over the exhaust pipe in the filter for 2 min. The exhaust gas had an output temperature of 200 • C, and the chaff did not show any sign of ignition. If we reduce the temperature (<140 • C), we may eliminate the risk of fire and still kill a large proportion of the weed seeds and reduce seed germination of the rest (increasing t 50 and decreasing d). Glasner et al. [39] exploited how heat could be used to kill weed seeds of nine common weed species treated with temperatures of 50 • C, 100 • C, 150 • C, 200 • C, and 250 • C for 0, 2, 5, 10, and 20 s, respectively. They found that 50 • C and 100 • C did not damage the seeds of any of the species significantly at any of the durations. Depending on the duration, 150 • C gave varying results. However, when seeds of A. myosuroides were exposed to 250 • C for 5 s, the germination was significantly repressed. When seeds were exposed to 250 • C for more than 10 s, most of the species were killed. Our results with exhaust gas were more promising because we did not need durations as long or temperatures as high as Glasner et al. [39] .
The great volume and the velocity of the exhaust gas are main factors driving the heat distribution in the seeds and thus the effect on the weed seeds. To ensure a significant difference between the velocity of the exhaust gas and the seeds, the seeds have to be kept in place during the treatment, which is another challenge for developing the system.
Several common weed species in Northern Europe may remain small in the crop [e.g., Poa annua L., Stellaria media (L.) Vill., Viola arvensis Murray, and Veronica sp.], and their seeds may be placed below the header and escape the combine harvester. However, in a dense, well-fertilized crop, light competition results in longer internodes and higher plants improving the condition for weed seed harvesting [42] .
Conclusions
The experiments showed that the germination of weed seeds was affected severely by the exhaust gas even at short durations. All weed seeds died when they were exposed to 140 • C for 6 s. The implementation of the method would be predicted to reduce the amount of viable and vigorous seeds in the soil seed bank over time. However, the germination ability of seeds exposed to 75 • C and 85 • C did not considerably decline at any of the durations. Two seconds of exposure indicated an increased germination compared to the controls, although this was not statistically significant (p > 0.05). When seeds were exposed to exhaust gas with a temperature of 110 • C, most species were affected even at 2 s duration, but the effect varied between the species. We conclude that exploiting exhaust gas from combine harvesters has the potential to kill or reduce the germination of weed seeds and should be investigated further. Key issues that need to be addressed when constructing the harvester include how the seed can be trapped and exposed to high temperature exhaust gas under high pressure (gas velocity) while avoiding fire hazard.
